Background: Cardiometabolic and chronic pulmonary diseases may be associated with modifiable risk factors that can be targeted to prevent multimorbidity. Objectives: (i) Estimate the prevalence of multimorbidity across four cardiometabolic and chronic pulmonary disease groups; (ii) compare the prevalence of multimorbidity to that of one disease and no disease; and (iii) quantify population attributable fractions (PAFs) for modifiable risk factors of multimorbidity. Design: Data from adults aged 18-79 years who participated in the US National Health and Nutrition Examination Survey 2007-2012 were examined. Multimorbidity was defined as ≥2 co-occurring diseases across four common cardiometabolic and chronic pulmonary disease groups. Multivariate-adjusted PAFs for poverty, obesity, smoking, hypertension, and low high-density lipoprotein (HDL) cholesterol were estimated. Results: Among 16,676 adults, the age-standardized prevalence of multimorbidity was 9.3%. The occurrence of multimorbidity was greater with age, from 1.5% to 5.9%, 15.0% and 34.8% for adults aged 18-39, 40-54, 55-64 and 65-79 years, respectively. Multimorbidity was greatest among the poorest versus non-poorest adults and among blacks versus other races/ethnicities. Multimorbidity was also greater in adults with obesity, hypertension, and low HDL cholesterol. Risk factors with greatest PAFs were hypertension (38.8%; 95% confidence interval . Conclusions: In the USA, 9.3% of adults have multimorbidity across four chronic disease groups, with a disproportionate burden among older, black, and poor adults. Our results suggest that targeting two intermediate modifiable risk factors, hypertension and obesity, might help to reduce the prevalence of multimorbidity in US adults.
Introduction
Multimorbidity, commonly referred to as the co-existence of two or more chronic diseases in an individual [1] [2] [3] , is associated with poor health-related quality of life, and increased healthcare utilization and cost, hospital length of stay and readmission, and mortality [4, 5] . Chronic non-communicable diseases, particularly cardiometabolic [6] and chronic pulmonary diseases, are common and fatal diseases in the USA [7] . In 2014, some of the top leading causes of death in the USA included diseases of the heart and cerebrovascular diseases, lower respiratory diseases, diabetes, and kidney diseases, including nephritis, nephrotic syndrome, and nephrosis [8] . Despite the grave consequences of these common diseases, the prevalence and quantification of risk factors using population attributable fractions (PAFs) for multimorbidity in a US-representative general adult population are not well understood.
Multimorbidity patterns, including a clustering of cardiovascular, metabolic, and psychiatric diseases, share disease pathways that have been described previously [9] [10] [11] . However, not all co-occurring diseases may be attributed to common pathophysiologic processes or the natural progression of disease. Unrelated disease patterns have been described as discordant, in which morbidities have largely unrelated pathophysiology and treatment approaches [12] . In contrast, morbidities may also have a shared pathophysiology. Diseases with a shared pathophysiology may also have related or overlapping modifiable risk factors (e.g. unhealthy diet, physical inactivity, smoking), non-modifiable risk factors (e.g. age, heredity), and intermediate risk factors (e.g. abnormal blood lipids, raised blood pressure) [13] , which may additionally contribute to the overall disease risk. Modifiable risk factors are well established for many individual cardiometabolic and chronic pulmonary diseases [14] , but their contribution alongside intermediate risk factors to multimorbidity in US adults aged 18-79 years has not been estimated using PAFs. Because cardiometabolic and chronic pulmonary diseases often co-occur and are caused by multiple risk factors, quantifying the contribution of risk factors to overall disease risk using PAFs will be helpful to inform strategies aimed at maximizing the prevention of these diseases. Prior studies suggest greater multimorbidity in marginalized populations, such as homeless individuals, minorities, and adults with lower socioeconomic status and educational attainment [10, [15] [16] [17] [18] . Thus, reducing healthcare disparities and targeting cost-effective interventions aimed at reducing common risk factors could have a profound impact on multimorbidity prevention.
The objectives of this study were to determine the prevalence of the multimorbidity of cardiometabolic and chronic pulmonary diseases and to quantify the preventable disease burden through the contribution of simultaneous risk factors on the multimorbidity of these diseases. We analyzed nationally representative data of community-dwelling adults aged 18-79 years, from the National Health and Nutrition Examination Survey (NHANES). Within the broader scope of cardiometabolic and chronic pulmonary diseases, we examined four common disease groups that are associated with high mortality: cardiovascular disease (CVD), diabetes mellitus, chronic kidney disease (CKD), and chronic obstructive pulmonary disease (COPD).
Materials and methods

Study population
Participants included non-pregnant adults aged 18-79 years in the US NHANES 2007-2012, a nationally representative, cross-sectional survey of the resident civilian, non-institutionalized population. The survey design and analytic methods have been previously described [19] [20] [21] . Briefly, individuals participated in home interviews along with standardized anthropometric, laboratory, and pulmonary function test assessments in mobile examination centers (MECs). Participants were selected through a complex multistage-probability sampling design, and we used MEC weights in the analysis. Our analytic sample combined data from three survey periods: 2007-2008, 2009-2010, 2011-2012 to yield the final, cross-sectional sample. Overall, unweighted response rates ranged from 70% to 77% across these three survey periods [22] . All participants provided free and informed consent. The Centers for Disease Control and Prevention's National Center for Health Statistics institutional review board approved the protocol.
Chronic disease assessment and measurement
In this analysis, we defined multimorbidity as the cooccurrence of two or more cardiometabolic and chronic pulmonary disease groups, and examined multimorbidity across the following four disease groups: CVD, diabetes mellitus, CKD, and COPD. We used self-reported physician diagnoses and additional self-reported medication use, laboratory, and procedural information as available in NHANES. Disease groups were defined as follows:
(i) CVD groups included self-reported physician-diagnosed congestive heart failure, coronary heart disease, angina, heart attack, or stroke, as used in the standardized combined questionnaire to define CVD in NHANES. (ii) Diabetes mellitus was based on self-reported physician-diagnosed diabetes, self-reported use of diabetes medication, such as insulin or metformin, and/or a measured serum hemoglobin A1c (HbA1c) ≥6.5%. HbA1c was measured by high-performance liquid chromatography, which is standardized to the National Glycohemoglobin Standardization Program [23] . (iii) CKD was defined using the National Kidney Foundation/Kidney Disease Outcomes Quality Initiative systolic and diastolic blood pressure readings, which were each measured up to four times and averaged. Hypertension was defined as mean systolic blood pressure ≥140 mmHg or mean diastolic blood pressure ≥90 mmHg. (iii) Dyslipidemia: high total cholesterol and low HDL cholesterol were based on standard definitions of laboratory measures (total cholesterol ≥200 mg/dL or HDL cholesterol <40 mg/dL for men and <50 mg/dL for women). (iv) Smoking was based on self-report using both the lifetime smoking variable (ever smoked at least 100 cigarettes) in combination with current smoking status and categorized as current, former, or never smoker.
Statistical analysis
Between We conducted a multivariate, multiple imputation procedure to impute values for missing disease outcomes. Missing data were greatest for COPD (21.3% of the sample) compared with the other three diseases (CKD 10.6%, CVD 5.3%, and diabetes 0%), similar to existing reports of missing data in NHANES [39] . A weighted sequential hot-deck imputation was performed in SUDAAN [40] . We replaced missing values by taking values from observations with no missing values, with a single donor providing values for the missing outcome of a single recipient. The sample size for the imputed dataset was 16,676, which was used to estimate the prevalence of co-occurring disease combinations in multimorbidity. Results were age-standardized [41] to the 2010 US census population using the age categories 18-39, 40-54, 55-64, and 65-79 years.
Multivariate regression analyses were used to calculate risk ratios (RRs), PAF estimates for modifiable risk factors, and the 95% confidence intervals (CIs) of the PAF using predicted marginals obtained from the RLOGIST (logistic regression) procedure in SUDAAN guidelines [24] . Glomerular filtration rate (GFR) was estimated using the CKD Epidemiology Collaboration equation [25] . Participants were classified as having CKD if they had an estimated GFR <60 mL/min/1.73 m 2 or an estimated GFR ≥60 mL/ min/1.73 m 2 with albuminuria (albumin-to-creatinine ratio ≥3.4 mg/mmol [30 mg/g]) [26] . (iv) COPD was based on self-reported physician-diagnosed chronic bronchitis or emphysema, or supplemental oxygen use. We additionally included the gold standard diagnosis of COPD with pulmonary function testing based on the Global Initiative for Chronic Obstructive Lung Disease (GOLD) criteria [27] : forced expiratory volume that can be blown out in 1 second (FEV 1 ) divided by forced vital capacity (FVC) less than 0.7 (i.e. FEV 1 /FVC <0.7), or FEV 1 /FVC ratio less than the lower limit of normal.
Assessment and measurement of risk factors
Non-modifiable risk factors included demographic factors (age [28] , sex [29] , race/ethnicity [30] ), and upstream, contextual risk factors for disease (poverty) [31] . Age, sex, race/ethnicity, and poverty were measured by self-report. As a proxy for socioeconomic status, we included poverty, defined using the incometo-poverty ratio, a ratio of family income, and level of poverty [32] . We categorized income-to-poverty ratio into tertiles, in which ratios less than 1.5 (i.e. <150% of the federal poverty threshold) indicated the poorest individuals in the study. For modifiable risk factors, we included the following intermediate biologic risk factors [13] : overweight/ obesity [33] , elevated blood pressure [34] , and abnormal lipids [35, 36] , with their respective measures in this study including body mass index (BMI), hypertension, total cholesterol and high-density lipoprotein (HDL) cholesterol. In addition to these measures that reflect upstream factors, such as diet and physical activity, we included smoking [37] as a modifiable risk factor.
(i) Overweight/obesity: BMI was defined by clinical measures of weight and height (kg/m 2 ) and categorized into underweight (<18.5 kg/m 2 ), normal weight (18.5-24.9 kg/m 2 ), overweight (25.0-29.9 kg/m 2 ), and obese (≥30.0 kg/m 2 ) [38] . Underweight estimates were not shown due to small sample sizes (n=90 participants who met inclusion criteria) as suggested by NHANES recommendations for reliable estimates [21] .
(ii) Hypertension was identified by self-reported physician-diagnosed hypertension and the standard clinical diagnosis of hypertension available through the proportion of adults with CKD with these co-morbidities. Among adults with COPD, nearly one-third had multimorbidity from co-occurring CVD, diabetes, and/or CKD. The prevalence estimates of specific disease combinations are provided in Figure 1 , illustrating the 11 different combinations of multimorbidity in this study. The occurrence of multimorbidity was greater with age, from 1.5% (95% CI 1.2-1.9) for adults aged 18-39 years, to 5.9% (95% CI 5.0-6.9) for those aged 40-54 years, 15.0% (96% CI 13.2-16.9) for those aged 55-64 years and 34.8% (95% CI 32.4-37.2) for those aged 65-79 years. Table 3 provides the age-standardized prevalence levels of zero, one, and two disease-group combinations for various demographic factors and modifiable risk factors. The age-standardized prevalence of multimorbidity of two or more cardiometabolic and chronic pulmonary disease groups among US adults was 9.3% (95% CI 8.8-9.9) ( Table 3) , using imputed data (see Supplementary Table 1 for results from original, non-imputed data). The distribution of age-standardized multimorbidity across demographic variables differed when compared with the distribution of demographic factors related to having only one chronic disease. Specifically, age-standardized multimorbidity was greatest among non-Hispanic blacks compared with non-Hispanic whites and other race/ethnicities. However, disparities between non-Hispanic blacks and non-Hispanic whites were not statistically significant for the outcome of one chronic condition. Multimorbidity was greatest among those in the lowest tertile of the income-to-poverty ratio compared with the middle or highest tertiles. Multimorbidity was greater among men compared with women.
For modifiable risk factors, age-standardized multimorbidity was highest in obese adults compared with overweight and normal BMI adults (Table 3) . There was no significant difference in the prevalence of multimorbidity between adults with normal BMI versus overweight adults. The prevalence of multimorbidity was also greater in current smokers versus former and never smokers, in those with hypertension versus without hypertension, and in those with low HDL cholesterol versus normal HDL cholesterol. Table 4 includes the adjusted RRs, PAF adj , and 95% CIs of RRs and PAFs for modifiable risk factors, using imputed data (See Supplementary Table 2 for results from original non-imputed data). Across all measured modifiable risk factors, hypertension was the greatest contributor of multimorbidity (PAF adj 38.8%; 95% CI 29.4-47.4). Other important covariates with high PAF adj for multimorbidity were obesity (19.3%; 95% CI 10.2-28.2), current smoking (10.7%; 95% CI 6.6-15.1), former smoking (8.4%; 95% CI 2.5-14.4), and low HDL that adjusted for both modifiable and non-modifiable risk factor covariates. Adjusted RRs were calculated using the dichotomous multimorbidity outcome (two or more conditions versus one or none) and the prevalence of the risk factor among those with multimorbidity. The adjusted PAF (PAF adj ) was calculated as follows: (number exposed cases/total cases)*[(adjusted RR -1)/adjusted RR] [36] and using Bonferroni correction for 95% CI estimation [42] Tables 1 and 2) , and bias was not detected. All analyses were based on SAS version 9.3 and SUDAAN version 11.0.
Results
In a nationally representative sample of non-institutionalized US adults, 17.3% had COPD, 11.6% had CKD, 10.6% had diabetes, and 6.9% had CVD (Table 1) . For any disease, the prevalence estimates were significantly greater across older age categories (p<0.001). While the prevalence of any of the four disease groups was greatest in adults aged 65-79 years (CVD 23.8%, diabetes 25.9%, CKD 33.9%, COPD 35.3%), younger and middle-aged adults aged 18-39 years also developed chronic diseases with a similar pattern to that of older adults (CVD 1.2%, diabetes 2.6%, CKD 5.9%, COPD 10.4%). Across race/ethnicity categories for the total sample, non-Hispanic blacks had the greatest prevalence of CVD (8.3%), diabetes (16.3%), and CKD (15.0%) compared with non-Hispanic whites, Hispanics, and those who were classified as other race or multiracial (all p<0.001). The prevalence of each disease group, except COPD, was significantly greater in individuals with a lower income-to-poverty ratio (p<0.0001 across tertiles of income-to-poverty ratios for those with CVD, diabetes, and CKD) ( Table 1) .
The prevalence estimates of co-occurring disease clusters were assessed ( Table 2 ). The three most common dyads of diseases were (i) diabetes and CKD, (ii) CKD and COPD, and (iii) CVD and COPD. Among adults with CVD, over two-thirds had multimorbidity from co-occurring diabetes, CKD, and/or COPD. Among adults with diabetes, over half had cardiometabolic or chronic respiratory multimorbidity, similar to 
Discussion
We present prevalence and PAF estimates for the multimorbidity of four highly prevalent cardiometabolic and chronic pulmonary disease groups associated with high mortality in a nationally representative sample of non-institutionalized US adults aged 18-79 years. Nearly 10% of adults had two or more co-occurring conditions, with the most prevalent three disease dyads being (i) diabetes and CKD, (ii) CKD and COPD, and (iii) CVD and COPD. Men, non-Hispanic black adults, and adults with the lowest income-to-poverty ratio had a greater burden of multimorbidity compared with women, non-Hispanic white adults, and adults with higher income-to-poverty ratios, respectively, suggesting persistent healthcare disparities. Among all adults, multimorbidity was most attributable to two intermediate biologic risk factors, hypertension and obesity, which are often considered as end conditions in other studies, but are both preventable and treatable, and thus considered in this study as modifiable risk factors for which one may quantify their contribution to disease burden. Reducing hypertension and obesity may effectively reduce the burden of multimorbidity in the USA. Our PAF estimates suggest that eliminating hypertension, while holding other risk factors constant, may translate to a one-third reduction in multimorbidity.
We observed differences in risk factors among adults with multimorbidity versus those with no diseases that were not apparent when comparing adults with one disease versus none, suggesting that multimorbidity may confer a distinctive risk phenotype. The accumulation and/or combination of risk factors may reach a threshold effect after which individuals have increased vulnerability and susceptibility to acquiring more diseases, or alternatively, the resulting progression in multimorbidity may reflect failures in self-management or multispecialty-based management with challenges such as medication adherence and therapeutic competition.
Studies on the prevalence of multimorbidity are highly sensitive to the methods used to define multimorbidity, such as a disease count of two or more coexisting conditions, the inventory of available diseases and conditions, and the population of interest. In our sample of nationally representative US adults aged 18-79 years, disease group prevalences for CVD, diabetes, CKD, and COPD were similar to those reported in prior studies using data from NHANES [43] [44] [45] [46] [47] . Our multimorbidity prevalence estimates are further consistent with studies that examined dyads of diseases and comorbidity combinations, such as CVD and CKD, CVD and diabetes, and diabetes and CKD [45, 46] , and, similar to other studies, are limited to a few select, but highly prevalent, diseases. Future studies may examine disease combinations and interactions, but will require complex modeling for potential higher-order, multiplicative interactions.
Few studies have examined modifiable risk factors, including intermediate risk factors [11] , or quantified their contribution to multimorbidity using adjusted PAFs in nationally representative US adults aged 18-79 years. Van Baal et al. examined the prevalence of the co-occurrence of four of the most highly prevalent chronic diseases (diabetes, myocardial infarction, stroke, and cancer) in the Dutch population [48] . The authors demonstrated that disease co-occurrence occurred more frequently than that expected by the individual diseases alone. The authors postulated that co-occurring diseases share common pathways, such as high blood pressure, cholesterol, smoking, and obesity. The co-occurring diseases increased with age, although the authors did not examine other risk factors [48] . In our study, we reported a similar increasing prevalence of multimorbidity with age and other risk factors using a comparable group of diseases, except that we included CKD and COPD and not cancer.
One cross-sectional study by Fortin et al. [49] examined the association between lifestyle factors and the likelihood of multimorbidity. Multimorbidity was defined as a simple count of three or more of 14 potential chronic conditions, among them CVD, diabetes, and COPD. The odds of multimorbidity were greatest for past or current smoking in men, and for non-normal BMI (either underweight or overweight/obesity) in both sexes. However, the odds of multimorbidity did not differ significantly based on socioeconomic status, education, alcohol use, or low fruit and vegetable consumption. In our study, we demonstrated high PAFs for smoking and obesity, similar to the findings of Fortin et al. [49] . However, we additionally reported a greater burden of multimorbidity for non-Hispanic black adults and those with a low income-to-poverty ratio, in contrast to the findings of Fortin et al. [49] . The differences in socioeconomic status in the two studies might potentially be explained by the categorization of socioeconomic class. While our study did not examine the association between nutrition and multimorbidity, one study reported that greater consumption of vegetables, fruits, and grains was linked to a lower risk of multimorbidity, based on the evaluation of 11 diseases over 5 years [50] . However, a second study reported no association between low fruit and vegetable consumption and the presence of multimorbidity [49] . We note limitations to our study. First, our sample population focused on community-dwelling adults and did not include nursing home residents and adults 80 years and older (who may have a higher prevalence of cognitive impairment and less reliable self-report), which may underestimate disease prevalence. Second, our prevalence of CVD using physician-diagnosed CVD may be subject to recall bias, under-reporting, and under-diagnosis, as confirmatory catheterization and imaging reports are not collected in NHANES. However, our prevalence estimate is similar to prior estimates in NHANES [44] . Third, for all analyses, we used and presented results utilizing multiple imputation due to some missing data to determine COPD or CKD, although we report original, non-imputed data indicating similar results (See supplementary  Tables 1 and 2 ) suggesting lack of bias from missing data. Finally, our study was cross-sectional and cannot be used to ascertain the temporality of risk factors or causality of these risk factors with multimorbidity. Reverse causation for adults with multimorbidity could modestly inflate the modifiable risk factors measured in this study. Future studies will benefit from longitudinal study designs and a more expansive inventory of risk factors.
Multimorbidity is a common but modifiable phenomenon. Our results suggest that targeting two intermediate risk factors, hypertension and obesity, might prevent over half of multimorbidity in US adults aged 18-79 years. Additionally, to reduce the widening of health disparities, public health programs and healthcare policies should target marginalized populations disproportionately burdened by multimorbidity, including older adults, non-Hispanic blacks, and adults with a low income-to-poverty ratio.
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